Using a sample of 98 galaxy clusters recently imaged in the near infra-red with the ESO NTT, WIYN and WHT telescopes, supplemented with 33 clusters from the ESO archive, we measure how the stellar mass of the most massive galaxies in the universe, namely Brightest Cluster Galaxies (BCG), increases with time. Most of the BCGs in this new sample lie in the redshift range 0.2 < z < 0.6, which has been noted in recent works to mark an epoch over which the growth in the stellar mass of BCGs stalls. From this sample of 132 clusters, we create a subsample of 102 systems that includes only those clusters that have estimates of the cluster mass. We combine the BCGs in this subsample with BCGs from the literature, and find that the growth in stellar mass of BCGs from 10 billion years ago to the present epoch is broadly consistent with recent semi-analytic and semi-empirical models. As in other recent studies, tentative evidence indicates that the stellar mass growth rate of BCGs may be slowing in the past 3.5 billion years. Further work in collecting larger samples, and in better comparing observations with theory using mock images is required if a more detailed comparison between the models and the data is to be made.
INTRODUCTION
Brightest Cluster Galaxies (BCGs) are the brightest and most massive galaxies in the universe. They form within galaxy clusters, and generally lie near the bottom of the cluster gravitational potential well. They have unique properties, including extended light profiles, and they are brighter than the cluster luminosity function leads us to expect (Loh & Strauss 2006 ; von der Linden et al. 2007 ; Shen et al.
Email: sbellstedt@swin.edu.au 2013). These properties differentiate them from other elliptical galaxies.
Most BCGs can be readily identified in observations as a result of their brightness and dominance within a galaxy cluster. Additionally, N-body simulations can be carried out to create mock galaxy clusters, which also contain readilyidentifiable BCGs. These observed and simulated BCGs can be directly compared, and this allows us to test models that describe the growth of these BCGs -a task that is difficult to do with galaxies in general as a result of the large variety of different types of galaxies, with varying formation histories.
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Initially, there was considerable disagreement between the models and the observations, with models predicting a factor of three increase in the stellar mass of BCGs between z = 1 and today (De Lucia & Blaizot 2007 , hereafter referred to as DLB07), and observations showing little growth over the same redshift interval (see Stott et al. 2010, for example) . While more recent models (Tonini et al. 2012; Shankar et al. 2014 Shankar et al. , 2015 and observations (Lin et al. 2013; Lidman et al. 2012 ) are now in better agreement with one another with both predicting or showing a doubling of the stellar mass since z ∼ 1, there is still some disagreement as to when this growth occurs. In the semi-empirical model of Shankar et al. (2015) , the stellar mass of BCGs continues to increase to the present day. However, in the semi-analytic model of Tonini et al. (2012) , the growth appears to stall after z ∼ 0.4. There is some observational support for the second model. Lin et al. (2013) find that most of of the growth since z ∼ 1.5 occurs in the redshift range 0.5 < z < 1.5. Similarly, Oliva-Altamirano et al. (2014) find no significant growth in the range 0.09 < z < 0.27, and Inagaki et al. (2014) , who explores the redshifts range 0.2 < z < 0.4, find an increase of between 2 and 14%. In contrast to these results, Bai et al. (2014) find an increase of 50% between z = 0.5 and z = 0.1, and Zhang et al. (2015) find an increase of 35% between z = 1 and the present day.
The aim of this study is to make a more detailed measurement of the growth of BCGs using new data that covers the redshift interval over which the growth appears to stall. The paper is outlined as follows. §2 describes the data used and the steps used to process them, and §3 outlines how the stellar masses of the BCGs and clusters within the sample were determined. The analysis of the data is carried out in §4, and the discussion and conclusions are presented in §5 and §6 respectively. Throughout this paper we use Vega magnitudes, and assume a ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7 and H0 = 70 km s −1 Mpc −1 .
DATA
We utilise a sample of 98 newly imaged galaxy clusters from the RELICS 1 survey within this study. The data were collected during 6 observing runs on three instruments over a period spanning from October 2013 to March 2015. The instruments utilised were the SofI 2 camera on the New Technology Telescope at the ESO La Silla Observatory in Chile (Moorwood, Cudy & Lidman 1998) , WHIRC 3 on the WIYN telescope at the Kitt Peak National Observatory (Miexner et al. 2010) 2015) cluster catalogues as gravitational telescopes to search for lensed compact early-type galaxies (also know as red nuggets). Many of the clusters within the RELICS survey are drawn from the "Weighting the Giants" Survey (von der , which has provided deep Subaru imaging of a selection of MACS clusters, in addition to a sample of Abell clusters. Clusters in the MACS sample (Ebeling et al. 2010 ) are X-ray selected, whereas the clusters in the SPT/ACT samples (Staniszewski et al. 2009; Williamson et al. 2011; Marriage et al. 2011; Hasselfield et al. 2013) have been discovered through the Sunyaev-Zel'Dovich effect. Clusters in the C1G cluster catalogue were selected from a joint search of ROSAT all sky survey and data-release 8 of the Sloan Digital Sky Survey. RELICS clusters are massive, and have a median mass of 10 15 M . This sample was then augmented by carrying out a search of the ESO archives of the SofI instrument. These data were obtained from September 1998 to February 2012, and this search resulted in an additional 31 clusters being added to the sample.
The clusters are all imaged in the Ks-band, with typical exposure times of ∼ 2700s, which result in 5-σ depths of 19.5 mag. These observations are all deeper than what is necessary for the analysis of BCGs, as they were designed to detect background galaxies gravitationally lensed by the cluster. At the redshift range of the sample, BCGs have Ksband magnitudes of 12-17 mag, and therefore each BCG is detected with a minimum signal-to-noise ratio of 50.
Data Reduction
The procedures used in the reduction of the data are standard, and largely follow the steps as outlined by Lidman et al. (2008) . Briefly, the pedestal in the images was removed using dark frames, pixels were normalised using dome flats and the sky was removed using a moving median stack of the science data, using our own python scripts and tasks in IRAF 8 . Zero points were determined by using stars from the 2MASS point source catalogue (Skrutskie et al. 2006) . Typically, between 4 and 30 stars were present in each image, and only unsaturated stars with high quality measurements were selected to measure the zero point.
For data taken with LIRIS, we first had to unscramble the image pixels in the FITS header 9 . There was also a residual shade pattern in the sky subtracted images. This Menanteau et al. (2013) (4) Kristian, Sandage & Westphal (1978) (5) Gioia et al. (1998) (6) was removed by subtracting the median of the data along detector rows. A similar technique was used to remove the crosstalk from bright stars in SofI images.
Data Analysis
To estimate the magnitudes of galaxies in each cluster, we run SExtractor (Bertin & Arnouts 1996) on each image, and use MAG AUTO as a measure of the magnitude. MAG AUTO is a Kron-like magnitude (Kron 1980 ) with an elliptical aperture.
Since the galaxy clusters within the sample were selected to be massive, most of the clusters have a large BCG. The BCG in each cluster was identified visually as the largest, brightest galaxy in the cluster. BCGs are typically in the centre with extended galaxy haloes, unlike their surrounding galaxies. We verified the visual BCG selection by ensuring that these were the galaxies which were indeed the brightest as measured by MAG AUTO. In some clusters, there appear to be two BCGs of comparable brightness, such as the cluster MACS J0014.3-3022. In such cases, both BCGs were included in the sample.
There are a small number of cases in which the BCGs were not clearly identifiable, usually because of foreground contamination, these clusters are excluded from analysis. The excluded clusters are Abell 521, ACT-CL J0018.2-0022, ACT-CL J0228.5+0030, ACT-CL J0301.1-0110, ACT-CL J0250.1+0008, MACS J2243.3-0935, RX J1132+00 and SPT-CL J0615-5746.
Additional Samples
To augment the sample used throughout this paper, we include the sample used by Lidman et al. (2012, hereafter L12) . This sample includes 103 BCGs presented by Stott et al. (2008) over the redshift range 0.04 z 0.83, 20 BCGs by Stott et al. (2010) 
Systematic drifts in the photometry
Throughout this paper we use MAG AUTO from SExtractor to estimate magnitudes, which are then used to derive masses. In essence, it is an aperture magnitude, so by definition, it does not measure the total magnitude of a galaxy. The amount of flux missed depends on the intrinsic light profile of the galaxy and the seeing. On simulated galaxies, L12 finds that MAG AUTO misses between 18% and 35% of the flux. Our results are not affected if the amount of flux missed is independent of redshift. However, this assumption may not be true, as the profile of BCGs and therefore the amount of flux lost may change with redshift. In order to see if this is a large effect, we tried an alternative approach in computing the magnitude of the BCGs in our sample. Following L12, we ran version 3.0.4 of GALFIT on a subsample of BCGs. For this test, we used the BCGs that were observed with SofI and we split the BCGs into three redshift bins. The bin boundaries are the same as those used later in the analysis, i.e. 0 < z < 0.25, 0.25 < z < 0.4, and 0.4 < z < 0.8. We then compared GALFIT magnitudes with MAG AUTO. The difference between the two is large, with the GALFIT value being on average 0.54 mag brighter than the MAG AUTO magnitude with a scatter of 0.33 mag when using all 25 BGCs. This is very similar to the difference reported in L12, although our sample is a factor of three larger. When split into the three redshift bins, there is no significant change in the average difference between the three redshift bins.
While this test is not definitive (as any systematic drift may affect MAG AUTO and GALFIT equally), it is suggestive that the deviations from the models identified in Section 4.2 do not result from systematic uncertainties in the photometry.
DETERMINING STELLAR MASSES

BCG Stellar Masses
The stellar masses of BCGs were determined using the method developed in L12, in which the observed Ks-band magnitude is converted into a mass using stellar population synthesis models. In choosing the model, L12 used the J-Ks colour of BCGs over the redshift range 0 < z < 1.5 as a constraint. From their comparison, it was determined that the best-fitting stellar population model was a Bruzual & Charlot (2003) model with a Chabrier IMF (Chabrier 2003) , a formation redshift of z f = 5, a star formation rate e-folding time of 0.9 Gyr and a composite metallically that is split 60/40 between solar and a metallicity that is two and half times solar. Since a large portion of the sample of this paper is in common with the sample of L12, we use this model in our analysis. In converting from luminosity to mass, we assume that the mass-to-light ratios of the BCGs are independent of stellar mass.
Since ∼ 6% of the clusters within the sample do not yet have spectroscopic redshifts, the corresponding masses for the BCGs could not be calculated. Therefore, these clusters were not considered further in this paper.
The observed Ks-band magnitudes of the full sample are plotted against redshift in Figure 2 . The new sample of this study is shown as red, blue and black circles, and can be seen to augment the previously sparsely populated region of the plot in the redshift range 0.4 < z < 0.8.
In addition to the model described above, we plot two other models to display the effect of modifying the model. Both models, labelled as Model 2 and Model 3 in Figure 2 are single burst models. Model 2 has a formation redshift of z = 2 and has solar metallicity. Model 3 has a formation redshifts of z = 5 and has metallicity that is two and half times solar. Since neither model is capable of describing the observed J-Ks colour (see Figure 2 in L12), we do not consider these models further in this paper.
There are some preliminary observations that can be made from Figure 2 . The main one is that the BCGs at z > 0.8 (made up of the samples by Stott et al. (2010) , Collins et al. (2009) and the SpARCS sample) tend to lie above the stellar population model. Within the redshift interval 0.6 < z < 0.8, this trend ends. For the new sample of this paper, the opposite effect is noticed. While the effect is not so strong as for the high-z BCGs, the new BCGs are more likely to fall below the model than above, indicating that they are more massive than the model suggests. What is important to note however, is that larger clusters tend to host larger BCGs, and therefore it is not possible to make judgements about the growth of BGCs without accounting for their corresponding cluster masses. This is discussed further in the next section. Another observation to be noted is that X-ray selected clusters tend to host brighter BCGs. As will become clear in the next section, this occurs because the X-ray selected clusters in our sample are, on average, more massive than clusters selected by other means.
Cluster Halo Masses
Before the magnitude offsets seen in Figure 2 can be interpreted as an indication of BCG stellar mass growth, it is important to note that the clusters observed in our sample are particularly massive. The observer-frame Ks-band magnitude of BCGs as a function of redshift. The data from this paper have been colour coded based on the selection method of the host cluster: X-ray selected clusters have been coloured in red, Sunyaev-Zel'dovich effect selected clusters have been coloured in blue, and the rest have been coloured in black. The stellar population model indicated as BC03 Model 1 is that from Lidman et al. (2012) , with z f = 5, τ = 0.9 and a metallicity split 60/40 between solar and 2.5 times solar, as outlined in the text. Other BC03 single burst models are indicated on the plot: BC03 Model 2 has z f = 2, and BC03 Model 3 has z f = 5. These models have been normalised so that they agree with the low redshift sample. Note how most of the BCGs above z ∼ 1 lie above the model. tematic error in our final calculation of BCG growth, it is important to account for the masses of the host clusters.
Cluster masses for the new sample were calculated using a number of methods. For clusters with published estimates of the X-ray luminosity (Henry et al. 1992; Ebeling et al. 1998; Menanteau et al. 2010; Mantz et al. 2010; Piffaretti et al. et al. 2011; Mann & Ebeling 2012; Menanteau et al. 2013 ), we applied the LX − M relation from Vikhlinin et al. (2009) to calculate the corresponding M500 mass 10 .
ln LX = (47.392 ± 0.085) + (1.61 ± 0.14) ln M500
If an X-ray temperature is available for the cluster (Ebeling et al. 2007; Mahdavi et al. 2013 ), then we apply the TX − M scaling relation from Mantz et al. (2010) to calculate the corresponding M500 mass.
10 M ∆ is defined as the mass measured in a region within which the average density is ∆ times the critical density of the universe ρc(z).
In both equations 1 and 2, E(z) represents the normalised Hubble parameter, given by E(z) = H(z)/H0. For some clusters, estimates of M500 were already available. In such cases, we use the these masses, and note the mass proxy that was used to compute these masses in Column 10 of Table 8.
In order to judge whether the proxy used can have a systematic effect on the calculated cluster masses, we make comparisons for the calculated cluster masses for all clusters for which we have information from multiple proxies. We measure the mean ratios between cluster masses measured using different methods, and note that these ratios are each consistent with one (see Table 5 ). Using these ratios, we rescale each mass to be consistent with the mass calculated with X-ray luminosities. We have run our analysis with these scaled masses in addition to the original masses, and find no difference in our final results. We are therefore confident that we have not introduced any additional biases as a result of using multiple mass proxies listed in the literature.
We then convert from M500 to M200 by assuming that the cluster mass profile follows a Navarro-Frenk-White pro- Table 5 . Mean ratios between cluster masses measured using different methods.
Mass Proxy 1
Mass Proxy 2 Mean Ratio Proxy 1 / Proxy 2 S-Z parameter X-ray luminosity 0.82 ± 0.48 X-ray temperature X-ray luminosity 1.25 ± 0.53 Gas mass X-ray luminosity 1.43 ± 0.45 Gas mass X-ray temperature 1.16 ± 0.44 file (Navarro, Frenk & White 1997) , and then apply the mass conversion method outlined in Appendix C of Hu & Kravtsov (2003) . Throughout this conversion, we assume a constant concentration parameter of c = 5. We have carried out our analysis with altered concentration parameter values, including a lower value of c = 4 and a relation with mass and redshift (Duffy et al. 2008) :
Since the effect of this on the cluster masses of our sample was negligible, we use c = 5 throughout the study.
Of the clusters that make up the new sample, cluster mass data were only available for 106 of the clusters. Since the consideration of the influence of the host cluster mass is imperative to the final calculation of BCG growth, the remaining ∼ 30 clusters for which cluster mass data could not be calculated were omitted from all further calculations.
Four clusters from Menanteau et al. (2013) have published X-ray luminosity uncertainties that exceed 100%, and we therefore did not include these clusters in our analysis. The excluded clusters were ACT-CL-J0218.2-0041, ACT-CL-J2050.5-0055, ACT-CL-J2302.5+0002 and ACT-CL-J0219+0022. This leaves us with a sample of 102 clusters for which we have reliable mass measurements.
The correlation between BCG stellar mass and the mass of the host cluster is shown in Figure 3 . The positive correlation between the two variables is quite clear -a power law fit to the relation of the form M BCG = βM α Cluster results in a best fit index of α = 0.64 ± 0.03, similar to that found by Lidman et al. (2012) . For the BCGs from the RELICS sample, we have coloured the points based on the selection method of the host clusters. Here one sees that the X-ray selected clusters tend to be larger, and therefore also host larger BCGs, while SZ selected clusters are smaller, with smaller BCGs. Interestingly, the optically selected clusters seem to host smaller BCGs for the given cluster mass. BCG and cluster mass, as shown in Figure 3 , highlights the need to account for cluster mass when making a measurement of the mass differences of BCGs in different redshift intervals.
ANALYSIS
Accounting for Cluster Masses
To make an unbiased comparison of the stellar mass of BCGs over different redshift intervals, we follow the procedure outlined in L12. To guarantee that BCGs originating from likesized clusters are compared with each other, we ensure that during any comparison between BCGs in different redshift bins, the two samples have matching cluster mass distributions. Because clusters observed at high redshift will grow in mass over time, it is necessary that the samples are matched based on their evolved cluster masses, rather than simply those measured at the cluster redshift. To achieve this, L12 first computed the mass each cluster would have by today using the fitting formulae in Fakhouri, Ma & Boylan-Kolchin (2010) . The effect this has on the masses is evident from the comparison of the left-and right-hand panels in Figure 4 .
After defining two redshift intervals over which to measure the growth of the BCGs, two matched samples are produced by randomly selecting clusters from each of the two intervals without replacement until the cluster mass histograms of the two samples match. The median BCG mass in each sample is then compared. The error in the mass ratio is estimated by repeating the resampling 100 times.
The approach only compares one redshift interval with another interval and not all intervals simultaneously. Unfortunately, there are not enough clusters in the sample to match the cluster mass distributions in all four redshift intervals simultaneously, so we are forced to compare them in pairs. We therefore select one redshift interval as a reference bin (marked in black in Figures 5 and 6) , and calculate the growth relative to this point for each of the other bins individually.
Inevitably, some clusters will be rejected if they are over-represented in one redshift interval compared to the other. The bin size selected to match these histograms needs to be small enough to match the overall cluster mass distributions, but large enough so that the rejection of clusters was not unnecessarily large. We applied a bin size of 4 × 10 14 M .
BCG Growth Calculation
Four redshift intervals are considered in our analysis: 0.00 < z < 0.25, 0.25 < z < 0.40, 0.40 < z < 0.80 and 0.80 < z < 1.60. We do two comparisons: One using the 0.00 < z < 0.25 redshift bin as the comparison point, and another using the 0.25 < z < 0.40 redshift bin as the comparison point. This allows us to scale the results at two separate redshifts for easier comparison with models. We present the results of this analysis in Table 7 , and in Figures 5 and 6.
The first scaling
Here we scale our data to the low-redshift, 0.0 < z < 0.25 bin. The results are shown in the left-hand plots of Figures 5 and 6. In each panel of the graph, the data have been scaled so that the comparison point lies on the model. While the agreement between the data and the DLB07 model is poorer, the agreement between the data, excluding the intermediateredshift, 0.25 < z < 0.40 bin, and the Tonini et al. (2012) model is better. In this model, the BCG accretes stellar mass earlier than in DLB07. The data is also in better agreement with both the observational data from Marchesini et al. (2014) and the semi-empirical model from Shankar et al. (2015) .
The second scaling
Here we scale our data to the intermediate-redshift, 0.25 < z < 0.40 bin. The motivation here is to see if the growth of BCGs stalls at lower redshifts. We first plot this on top of the predictions made by the DLB07 model, as shown in Figure 5 . Although the data match the model very well at higher redshifts, it is clear that the low-redshift point lies below the prediction of the model. We test the robustness of our results around z ∼ 0.2 by splitting the low redshift bin into four smaller bins, and compare the masses to the intermediate redshift bin. While this causes an increase in the errors of these points due to the smaller sample size of each bin, it is clear to see from the blue points in the inset of the right panel in Figure 5 that the mass of the BCGs in the lower redshift range are consistently lower than what the DLB07 model predicts. This perhaps indicates that the point at which we tie the observations with the model is anomalously high, as there is not a smooth transition between this point and the others at lower redshifts.
To check whether the transition between the high point and those at higher redshifts was smooth, we further split the high redshift bins, as we did for the lower bin. We show these results in the inset within the left panel of Figure  5 . This indicates that in the higher bins, the transition is smooth, indicating that the sharper drop in growth below the intermediate redshift bin may be real.
From the perspective of the data, we have no strong reasons to suspect that the data in the intermediate-redshift bin is biased, so we do not choose one interpretation over the other. Instead, we discuss the implications of both in the next section.
DISCUSSION
Systematic Uncertainties in the Analysis
The points in Figures 5 and 6 , were computed using the BC03 stellar population synthesis model and a Chabrier initial mass function (IMF). However, some of the models, plotted as dotted lines in Figure 6 , use different stellar population synthesis models. For example, the models of Tonini Lookback Time (Gyr) Figure 5 . The evolution in BCG stellar mass as a function of redshift normalised to one at z = 0. The DLB07 model is shown as the solid line and our results are shown as the red, blue and black circles. Red points represent the ratio between the stellar mass of BCGs in these bins and the stellar mass of BCGs in the reference bin (black circles). The left plot shows the results for the first scaling, using a reference bin with mean redshift z = 0.18, whereas the right plot shows the results for the second scaling with a reference bin with mean redshift z = 0.32. The grey area shows the error range of the model to which our data has been compared. The points of this work have been rescaled so that the black point lies on the DLB07 model. It is apparent that within each of the scalings, the data disagrees with the model at different redshift intervals. In the low-z scaling, the data above z = 0.2 all sits above the model. Once the data is scaled to the mid-z interval however, the data above z = 0.2 agree with the model, however the low-z range lies below the model. As a check that this trend does not simply result from our binning selection, we re-run our analysis for smaller bins in both the high-z and low-z region, and display these results as the blue points in the insets of the left and right plots respectively. Although the errors are larger, it is clear that the trends are the same. The stellar mass of Brightest Cluster Galaxies 9
Tonini+12 ( 
This work (z n =0.18) Figure 6 . The evolving stellar mass of BCGs with redshift, presented as the ratio of the M * BCG at redshift z with the M * BCG at the comparison redshift zn. The red points indicate the stellar mass ratio of the BCGs in their redshift bin, as compared with the comparison bin (black point). In the left column, the ratios are calculated with a low-redshift comparison bin, whereas the ratios in the right column are calculated with a medium-redshift comparison bin. The results have been scaled such that the comparison bin lies on the model (or on the data, in the case of the data from Marchesini et al. (2014) ) to which the data are being compared. By changing point at which the difference in stellar mass is calculated, it can be seen that the deviation between data and model may be occurring at either low or medium redshifts, as indicated by the hatched regions. From the top row to the bottom, the three addaitional datasets to which the data are being compared are the simulations model of Tonini et al. (2012) ; the observational results of Marchesini et al. (2014) ; and the semi-empirical model of Shankar et al. (2015) . et al. (2012) use the models from Maraston (2005) , which have a strong post-AGB phase. Hence, we need to make sure that the differences between the models and the data are not driven by some of these differences.
We compared a number of models, e.g. models that use a Chabrier IMF with models that use a Salpeter IMF, and models from Maraston (2005) with BC03 models. We find that, while the ratio in the stellar masses of the two models can vary by 25% from the redshift of formation to today, this ratio varies by only a few percent over the redshift range of Figure 7 . The mass (dashed) and mass accretion rate (red) of a galaxy cluster with a mass of 1 × 10 14 M at z = 2, according to the mean cluster accretion rate equation of Fakhouri, Ma & Boylan-Kolchin (2010) . Note that the cluster accretion rate is roughly constant over time, especially since z = 0.5. interest in this paper (i.e. z ∼ 1.6 to z ∼ 0). Hence, the differences in Figure 6 between the data and the models are not driven by the assumptions that went into the models.
We additionally checked to see whether the selection method of the clusters has an impact on the measured growth factor. To do this, we measured the growth over two bins (0 < z < 0.4 and 0.4 < z < 1.6) for all the data, and then individually for those BCGs from X-ray selected clusters, and also those from Sunyaev-Zel'Dovich selected clusters. We note that the results all agree within error, and that there is therefore no bias as a result of selection. Due to low numbers of optically selected clusters at high redshift, we were unable to carry out this same check for this method of selection.
The Growth of Clusters and their BCG
In the flat ΛCDM model, a 10 15 M cluster at z = 0 is expected to have grown by a factor of about 10 since z = 2, as shown in Figure 7 . Since z = 1, it is expected that the cluster has grown by a factor of about 3. Observationally, we find that the stellar masses of BCGs grow by a factor of about 2. Hence, over this redshift interval, the cluster grows more quickly than the central BCG. There are a couple of reasons for this.
Firstly, as the cluster grows and becomes larger, the timescale for infalling galaxies to reach the BCG increases. Galaxies that enter the cluster via the outskirts will feel a frictional drag (termed dynamical friction) from the wake they create as they move in the cluster. Over time, dynamical friction brings them closer to the core, and at some point they will merge with the central galaxy. The timescale of this process is (Binney and Tremaine 1987) :
where σM is the velocity dispersion of the central galaxy, and σS is the velocity dispersion of the satellite; ri represents the radius from which the satellite is spiralling in, and ln Λ is the Coulomb logarithm.
For a satellite of a given mass, the timescale is proportional to the halo mass to the two-thirds power and to the radius of the cluster, both of which are increasing in time. The net effect is that it takes longer for material entering the cluster to reach its centre. This, combined with the relatively flat accretion rate (see Figure 7) , results in less material reaching the cluster centre as the cluster gets bigger.
The dynamical friction timescale is explicitly included in models that study the growth of BCGs (DLB07, Shankar et al. 2015) . Differences in the growth rate of BCGs between models and the data may be due to the way the dynamical friction formula is used in the models. By reducing this time scale by one-third, Shankar et al. (2015) was able to increase the amount of stellar material accreted by BCGs from z = 1 to today by ∼ 20%.
Secondly, as an infalling satellite moves through the cluster, tidal stripping as a result of interactions with surrounding objects will occur. As clusters get larger, the number of interactions an infalling satellite will experience will also increase. If the amount of stellar stripping experienced by the infalling satellite is the same per interaction, then by the time the satellite has fallen sufficiently far into the cluster to merge with the BCG, the amount of remaining stellar mass within the satellite available to be accreted by the BCG is less in more massive clusters. Some models set the amount of stripping to zero (Shankar et al. 2015) ; others do not include it all. Hence, discrepancies between the data and the models may be due to the way tidal striping is included in the model.
Other effects, not captured fully in the data, may contribute to differences between models and the data. In recent work, Burke, Hilton & Collins (2015) have shown that the intra-cluster light (ICL) grows substantially below a redshift of z ∼ 0.4. It therefore seems reasonable to posit that most of the mass that reaches the cluster core below z = 0.3 ends up in the ICL and not the BCG. As local BCGs are already quite large, most mergers that occur would be minor mergers. Since minor mergers do not affect the inner cores of the progenitor galaxies, the infalling stars would be inclined to stay on the outskirts of the BCG, and hence contribute to the ICL.
Measuring the amount of material in the ICL is a challenging observation, especially in the K band, where it is several orders of magnitude fainter than the night sky. As mentioned in Section 2.4, MAG AUTO does not recover the full amount of galaxy light, indicating that light in the outskirts of the galaxy is being neglected by the aperture treatment of MAG AUTO. An alternative approach to reconciling observations with simulations may be to extend the simulations, so that one creates simulated images, as has been recently done in the Illustris simulation 11 . This would enable one to make the exact same measurement on the simulated image and the real data, thus circumventing some of the biases in the comparison.
In the previous section, we found that we had good agreement with more recent models in the literature (for example, Shankar et al. 2015) , if we anchored the data to the models at the low-redshift end. One would then interpret the excess in the intermediate-redshift bin as a slight anomaly.
If one instead anchors the data to the models at the intermediate-redshift bin, we find that we have poorer agree-11 http://www.illustris-project.org
The stellar mass of Brightest Cluster Galaxies 11 ment with the more recent models and better agreement with the DLB07 model, but only in the higher redshift bins. The low redshift point (see right panel of Figure 5 ) falls well short of the model.
We do not discount either interpretation, as there are no reasons to believe that the clusters in the intermediateredshift bin lead to a biased measurement in that bin. However, if the latter interpretation is correct, it would mean that the stellar material that contributes to the build-up of mass predicted by the DLB07 model at late times must be done in such a way that it and some of the stellar material that is already in the BCG are distributed outside the apertures that we use to measure fluxes in the Ks-band. This can only happen if the profile of the BCG changes as well.
SUMMARY AND CONCLUSIONS
We have added a sample of 102 BCGs with known cluster masses to an existing sample of 155 BCGs to create a BCG sample spanning the redshift range 0.04 < z < 1.63. We use this sample to study the stellar mass growth of BCGs.
We find that the build-up of stellar mass of BCGs from z ∼ 1 to today, as inferred from the observer-frame Ks band, is broadly consistent with predictions from recent semi-analytic and semi-empirical models.
The BCGs in the very lowest redshift bin have a lower stellar mass than the median-redshift bin, providing tentative evidence that the stellar mass growth rate of BCGs may be slowing.
In order to better constrain the growth rate at lower redshifts, it will be necessary to increase the number of BCGs and to better match the methods used to to derive masses from observations and theoretical models.
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